A synthetic Synechocystis sp. PCC6803 DnaB split mini-intein gene was constructed for the in vivo cyclization of recombinant proteins expressed in Escherichia coli. The system was used to cyclize the NH 2 -terminal domain of E. coli DnaB, the structure of which had been determined previously by NMR spectroscopy. Cyclization was found to proceed efficiently, with little accumulation of precursor, and the product was purified in high yield. The solution structure of cyclic DnaB-N is not significantly different from that of linear DnaB-N and it unfolds reversibly at temperatures ϳ14°C higher. Improved hydrogen bonding was observed in the first and last helices, and the length of the last helix was increased, while the 9-amino acid linker used to join the NH 2 and COOH termini was found to be highly mobile. The measured thermodynamic stabilization of the structure (⌬⌬G Ϸ 2 kcal/mol) agrees well with the value estimated from the reduced conformational entropy in the unfolded form. Simple polymer theory can be used to predict likely free energy changes resulting from protein cyclization and how the stabilization depends on the size of the protein and the length of the linker used to connect the termini.
Although proteins are normally linear polymers of amino acid residues, there are now several examples of ribosomally synthesized polypeptides that are cyclized post-translationally by formation of a normal peptide bond between amino and carboxyl ends via mechanisms that are not well understood (for examples, see Refs. 1-3). These proteins characteristically have unusually high thermal stabilities. Moreover, it has been well established that the deliberate circularization of normally linear proteins by a covalent peptide link between the NH 2 -and COOH-terminal ends provides a route for stabilization of the native structure (4 -6) . Thermal stability is an important feature, for example, for use of enzymes as catalysts in industrial applications, and also during long NMR recording times at elevated temperatures. Compared with the engineering of a disulfide bridge between the termini, a peptide link protects against digestion by exo-proteases and is inert in reducing environments, which has implications for therapeutic use of proteins and peptides. The engineering of circular polypeptides is straightforward by the use of inteins.
Inteins are protein domains that perform a cis-splicing reaction to excise themselves post-translationally from nascent polypeptide chains (7) , forming a new peptide bond between the two remaining parts (the exteins; Fig. 1A ). Inteins can be split and expressed as two inactive halves (N-intein, Int N 1 and Cintein, Int C ) that regain activity when brought together (8 -10) . This allows production of a protein from two segments that are subsequently ligated together in vitro by the intein in a transsplicing process (11) .
The expression of a synthetic fusion gene that encodes a protein with the structure Int C -extein-Int N (i.e. containing a circularly permuted split intein; Fig. 1B ) can lead to production of a cyclized (cz-) protein, with its NH 2 and COOH termini linked by a normal peptide bond. This approach has recently been demonstrated to cyclize proteins and peptides in vivo in Escherichia coli (5, 6, 12) .
While use of circularly permuted inteins to effect protein cyclization has been achieved, more work is required to establish which of the many inteins available is appropriate to use in a particular experiment to produce high levels of cyclized target proteins without the accumulation of linear forms or splicing intermediates. Two of the three reports to date used the naturally split Synechocystis sp. PCC6803 (Ssp) DnaE intein to effect protein (6, 12) and peptide (6) cyclization, while the third (5) made use of an artificially split PI-PfuI intein from Pyrococcus furiosus. In all three cases, the yield of cyclized product was affected by the accumulation of other products of incomplete splicing.
We chose to work with a split Ssp DnaB mini-intein that had been shown to be effective in trans-splicing reactions (13) . To ensure good expression in E. coli, the intein gene was constructed de novo from overlapping oligonucleotides, with optimized codon usage. When split and rearranged in the appropriate way, the intein was shown to be active in promoting the 1 The abbreviations used are: Int N and Int C , the NH 2 -and COOHterminal fragments of the split Ssp DnaB mini-intein; cz-, cyclized-(protein); cz-DnaB-N, a protein comprised of residues 24 -136 of E. coli DnaB helicase, with its NH 2 and COOH termini joined through a 9-residue linker; DnaB- (24 -136) , the folded core of the NH 2 -terminal domain of DnaB, comprising residues 24 -136; DSC, differential scanning calorimetry; HSQC, heteronuclear single quantum coherence; int N and int C , synthetic genes encoding Int N and Int C ; lin-DnaB-N, a protein comprising residues 24 -136 of DnaB, with an additional methionine residue at its NH 2 terminus; NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect; NOESY, two-dimensional NOE spectroscopy; TOCSY, total correlation spectroscopy.
cyclization of a target protein in vivo, in a reaction that occurs rapidly without significant accumulation of the Int C -exteinInt N precursor or splicing intermediates.
DnaB-(24 -136), the NH 2 -terminal domain of the E. coli replicative helicase DnaB, was chosen as the target protein for cyclization, in part because it was known from NMR structural studies (14) to fold reversibly with its termini close together (Fig. 2) . So as not to compromise flexibility at the ends of the DnaB portion of the circular protein, a 9-residue linker peptide was inserted between them. NMR spectroscopy was used to examine aspects of the structure of the product cz-DnaB-N, and its thermostability was measured by differential scanning calorimetry (DSC).
Statistics for spatial separation of termini in proteins have been compiled (15) and indicate that cyclization through short (adjustable) linkers ought to be feasible for many single-domain proteins of unknown structure. It could therefore be worthwhile to attempt cyclization as part of a sample optimization procedure prior to protein structure determination by NMR spectroscopy. It is also shown how simple polymer theory can be used to predict the extent of thermodynamic stabilization achievable by protein circularization.
EXPERIMENTAL PROCEDURES
Materials-Plasmids, pQE30 was from Qiagen; phage T7-promoter vector pETMCSI (16) and phage -promoter vector pCL476 (17) were as described. Plasmid pSB958 contains the E. coli dnaB gene in pCE30 (18) . E. coli strain, AN1459 (F Ϫ ilv leu thr supE recA srlA::Tn10) (19), was generally used as host for plasmids. BL21(DE3)recA was constructed by P1 transduction with AN1459 as donor and BL21(DE3) (20) as recipient, with selection for tetracycline resistance and screening for UV sensitivity. The protein lin-DnaB-N, comprised of a methionine residue followed by residues 24 -136 of E. coli DnaB, was expressed and purified as described (14) .
Synthesis of the Ssp DnaB Mini-intein Gene-Four pairs of oligonucleotides overlapping at their 3Ј ends (I-5Ј and I-3Ј through IV-5Ј and IV-3Ј; Fig. 3 ) were purchased from Interactiva (Germany). Each primer in annealed pairs was extended by a PCR reaction, giving doublestranded linear DNA fragments I-IV. Fragments I and II were mixed and PCR amplified by primers I-5Ј and II-3Ј, resulting in the 215-bp product I-II. Similarly, the fragments III and IV, mixed with primers III-5Ј and IV-3Ј, gave the 323-bp fragment III-IV. Finally, a mixture of products I-II and III-IV was PCR amplified with the primers I-5Ј and IV-3Ј to give the complete artificial 523-bp intein gene flanked by BamHI and HindIII sites (Fig. 3) . PCR cycle conditions were: 20 s denaturation at 95°C, 30 s annealing at 58°C, and 2 min polymerization at 68°C. The first extension steps used 2-min predenaturation at 95°C followed by 5 PCR cycles. Reamplification of mixed products was carried out with the same predenaturation step, 30 PCR cycles, and a final 5-min extension step at 68°C. The reaction mixture contained 10 pmol of each primer, 100 pg of each mixed template, 0.25 mM of each dNTP, and 2.5 units of Pfu DNA polymerase (Stratagene) in 100 l of 100 mM KCl, 100 mM (NH 4 ) 2 SO 4 , 200 mM Tris⅐HCl (pH 8.75), 20 mM MgSO 4 , 1% Triton X-100, and 1 mg/ml bovine serum albumin.
The 514-bp BamHI-HindIII fragment bearing the synthetic miniintein gene was inserted between the same two sites of pQE30 and plasmids from transformants were used for DNA sequence determination. One that contained no mutations was retained as pQE30-Int.
Circular Permutation of the Ssp Mini-intein Gene and Expression of cz-DnaB-N-Conditions for PCR, using Vent DNA polymerase (New England Biolabs) were essentially as described (14, 21) . Fragments were digested with restriction endonucleases at sites introduced within oligonucleotide primers (supplied by GeneWorks, Australia), isolated after separation by agarose gel electrophoresis, and inserted into plasmids as described below. Nucleotide sequences of inserted fragments were confirmed using appropriate vector-specific primers (16 -18) .
A DNA fragment encoding Int C was amplified using pQE30-Int as template, with primers 508 (5Ј-CCATCACCATATGTCTCCGGAAAT-CG; NdeI) and 510 (5Ј-TAGAATTCGATAGAGTTGTGAACGATGATG-TCGTTGGCC; EcoRI). The EcoRI site in primer 510 replaced the 5Ј-G-AGTAA sequence at the 3Ј end of the mini-intein gene in pQE30-Int, removing the stop codon. The 156-bp fragment was inserted between the NdeI and EcoRI sites of vector pETMCSI to give pNW1117 (4799 bp). An Int N -encoding fragment was similarly amplified using primers 507 (5Ј-GTCGACGCGTGAGTCTGGCTGCATCTCTGGTGATTCTC; MluI) and 509 (5Ј-CATGGTACCTTACAGCTGCAGAGAGGAGCTCTC-CAGTTTACG; KpnI). The KpnI site in primer 509 immediately followed a new TAA stop codon. The MluI-KpnI treated fragment (336 bp) was ligated with the 4784-bp EcoRI-KpnI fragment of pNW1117 in the presence of an excess of an equimolar mixture of 5Ј-unphosphorylated oligonucleotides 511 (5Ј-AATTCTAAAAGCTTTAAGAAGGAGATATA-CATATGACGTCGA) and 512 (5Ј-CGCGTCGACGTCATATGTATATC-TCCTTCTTAAAGCTTTTAG), to give plasmid pNW1118 (Fig. 4A) . The 511/512 oligonucleotide adaptor provides a stop codon at the end of the C-intein gene (int C ), followed by a strong ribosome-binding site and ATG initiation codon as part of an NdeI site at the 5Ј end of int N . Plasmid pNW1118 was designed to direct expression of the two fragments of the split mini-intein under control of the phage T7 10 promoter.
Next, a DNA fragment encoding residues 24 -136 of E. coli DnaB was amplified using pSB958 as template, with primers 524 (5Ј-TCGAATT-CAAAGTGCCTCCGCACTCGA TCGAAGC; EcoRI) and 525 (5Ј-ACTC-ACGCGTCGAGATCATCTCACGGACAACGG CAC; MluI). After restriction endonuclease digestion, the 345-bp fragment was inserted between the EcoRI and MluI sites of pNW1118 to give pNW1119 (5465 bp). Although designed to direct expression of an Int C -DnaB-(24 -136)-Int N fusion protein, and then cz-DnaB-N, under control of the T7 promoter, this plasmid performed poorly, so the whole fusion gene was transferred as an 841-bp NdeI-NcoI fragment to the bacteriophage -promoter vector pCL476, to give pNW1120 (Fig. 4B ). This also endowed the precursor protein with an NH 2 -terminal Met-His 6 tag at the beginning of the Int C portion.
Bacterial Growth and Protein Overproduction-E. coli strain AN1459/pNW1120, used for production of the cz-DnaB-N and the split (14) is displayed, together with a schematic linkage of its NH 2 and COOH termini through a 9-residue linker. Black segments (the first six and the last two residues of DnaB-(24 -136)) were disordered in the NMR structure and are probably mobile in solution.
Black spheres indicate the C ␣ atoms of lysine and arginine residues at which cz-DnaB-N is cleaved by trypsin, and the arrows mark the experimentally detected cleavage sites. The figure was prepared using MolScript (44) .
Ssp DnaB mini-intein, was grown in four 1-liter cultures of LB medium supplemented with thymine (25 mg/liter) and ampicillin (50 mg/liter). For 15 N labeling experiments, strain BL21(DE3)recA/pNW1120 was grown in 1 liter of minimal medium, consisting of 100 mM Na/potassium phosphate buffer, trace salts, thiamine (1 mg/liter), 1 mM MgSO 4 , 40 mM glucose, 15 NH 4 Cl (Cambridge Isotope Laboratories, 1 g/liter), and ampicillin (50 mg/liter). The strains were grown at 30°C until A 595 ϭ 0.5, then heated rapidly and incubated at 42°C for 3-4 h. Cultures were cooled in ice, and cells (3.6 -4.0 g/liter of culture) were harvested by centrifugation and stored at Ϫ70°C.
Purification of Proteins-The cz-DnaB-N domain was purified by chromatography through columns of DEAE-Fractogel (Merck) and Sephadex G-50 (Amersham Biosciences, Inc.) essentially as described for linear DnaB NH 2 -terminal domains (14, 21) . The yield in several preparations was ϳ10 mg/liter of culture. Among proteins that did not bind to the anion-exchange column was the split mini-intein product of the excision reaction. This fraction was dialyzed versus 50 mM sodium phosphate buffer (pH 6.9), 1 mM EDTA, 1 mM dithiothreitol (Buffer D) and loaded at a flow rate of 1 ml/min onto a column (2.5 ϫ 16 cm) of CM-Fractogel (Merck) equilibrated with the same buffer. After washing with 120 ml of the buffer, the intein was eluted in a linear gradient (300 ml) of NaCl (0 -0.25 M) in Buffer D. Fractions that contained the split intein, eluted at ϳ0.1 M NaCl, were pooled. The purified yield was typically 3 mg/liter of culture.
Characterization of Proteins-Concentrations of proteins were determined spectrophotometrically at 280 nm, using values of ⑀ 280 calculated from their amino acid compositions (22) Met-His 6 -tag, were visualized in 18% SDS-polyacrylamide gels with a short wavelength UV source following staining with the GelCode TM His 6 tag Staining Kit (Pierce), as recommended. The extent of isotopic labeling and the molecular weights of the cz-DnaB-N and the split intein subunits were determined by electrospray ionization mass spectrometry. Samples of proteins at 0.5-0.7 mg/ml were extensively dialyzed in 0.1% formic acid in water and analyzed on a VG Quattro II mass spectrometer (VG Biotech Ltd.) equipped with an electrospray ionization source and a quadrupole-hexapole-quadrupole mass analyzer. Spectra were processed using software supplied by the manufacturer.
Tryptic Proteolysis-Purified cz-DnaB-N (1.4 mg/ml) in 50 mM Tris⅐HCl (pH 7.6), 100 mM NaCl, 5 mM MgCl 2 , 15% (w/v) glycerol, was treated with trypsin (80 g/ml; Roche Molecular Biochemicals, AR grade) at 0°C. Samples (50 l) were withdrawn at various times and frozen in liquid N 2 . Following addition of 50 l of a gel-loading buffer containing 2% (w/v) SDS, they were thawed and 50-l samples were subjected to 18% SDS-polyacrylamide gel electrophoresis. The gel was stained with Coomassie Blue and photographed, then washed three times in 10% methanol. Selected bands were excised, and subjected to 10 cycles of Edman degradation using an Applied Biosystems Procise Sequencer. Recoveries of amino acids in successive cycles were 25-50 pmol.
Microcalorimetry-Samples of lin-(60.0 M) and cz-DnaB-N (62.9 M) were dialyzed extensively against 10 mM Na⅐HEPES (pH 7.5), 0.5 mM EDTA, degassed, and used for differential scanning calorimetry in a VP-DSC microcalorimeter (MicroCal) with a cell capacity of 0.51 ml. A 1.5-bar pressure was applied to the cell during measurement. Following equilibration for 15 min at the starting temperature, the temperature range ϩ5 to ϩ80°C was scanned, increased (for unfolding) or decreased (for refolding) at a rate of 1°C/min. Profiles were recorded for 3 or 4 heating/cooling cycles to ensure consistent results, corrected with data measured under identical conditions with the final dialysis buffer, and analyzed using the MicroCal calorimetry analysis package version 5.0 (MicroCal Origin).
NMR Spectroscopy-U-15 N-Labeled cz-DnaB-N was dialyzed extensively versus 20 mM sodium phosphate (pH 7.5) containing 1 mM EDTA and 0.02% NaN 3 , then concentrated using an Ultrafree-4 centrifugal filter unit equipped with a Biomax-5K membrane (Millipore). Pefabloc (Roche Molecular Biochemicals; ϳ1 mM) was added as a protease inhibitor and the pH was adjusted to 7.0. Samples of unlabeled lin-and cz-DnaB-N were prepared in the same way. Final sample concentrations were about 0.8 mM, except that the sample of unlabeled czDnaB-N was 16% more concentrated than that of unlabeled linDnaB-N. All NMR experiments were conducted in 90% H 2 O, 10% D 2 O at 31°C using Bruker DMX-600, DRX-500, or Varian Unity INOVA-800 NMR spectrometers. Two-dimensional NOESY (60 ms mixing time) and TOCSY spectra (70 ms mixing time) were recorded of the unlabeled samples at 800 MHz 1 H NMR frequency. In addition, the 15 N-labeled cz-DnaB-N sample was used to record a three-dimensional TOCSY-15 N-HSQC spectrum (60 ms mixing time) at 500 MHz, and { 1 H}-15 N steadystate NOEs (4 s 1 H saturation, 500 MHz 1 H frequency, 4 days total recording time). The resonances of cz-DnaB-N were assigned using XEASY (23) . The resonance assignments of lin-DnaB-N and cz-DnaB-N were deposited at the BioMagResBank (accession codes 5121 and 5122, respectively).
RESULTS

Synthesis, Splitting, and Rearrangement of the Ssp dnaB
Mini-intein Gene-The nucleotide sequence of the artificial Ssp dnaB mini-intein was generated using the original protein sequence (SWISSPROT Q55418), starting with amino acids 378 -486, followed by a His 6 -Met segment, and finished by residues 762-812 of the same sequence (Fig. 3) . The codon usage was optimized for E. coli, and restriction endonuclease sites were incorporated. The gene was synthesized in vitro using a recursive PCR amplification technique based on the filling in of the 3Ј ends of overlapping primers, and mixing of the resulting overlapping fragments (24) . The synthetic gene was inserted into vector pQE30 to generate a plasmid (pQE30-Int) that directed expression of the mini-intein in E. coli (not shown).
A series of PCR amplifications with pQE30-Int as template was used to split the synthetic gene to produce a phage T7-promoter plasmid pNW1118 (Fig. 4A ) that directed simultaneous expression of the mini-intein C-and N-terminal fragments (Int C and Int N , respectively) from a bicistronic mRNA. Downstream of the promoter in pNW1118 are a strong E. coli ribosome-binding site and ATG start codon at the beginning of the Int C -encoding sequence (int C gene), which is terminated by a TAA stop codon. This is followed by a further ribosome-binding site and start codon preceding the int N gene, which is also terminated with a stop codon.
Expression of a Circularly Permuted Intein-DnaB-(24 -136) Fusion Protein-Plasmid pNW1118 (Fig. 4A ) was designed such that the int C stop codon and int N translation initiation region could be removed as an EcoRI-MluI fragment and replaced with a segment of DNA encoding a protein or peptide destined for intein-mediated cyclization. In the present work, a modified gene encoding the NH 2 -terminal domain of the E. coli replicative helicase, DnaB-(24 -136), was inserted between these sites to give plasmid pNW1119. It was expected that pNW1119 would direct expression of an Int C -DnaB-(24 -136)-Int N fusion protein (containing a circularly permuted intein), leading to excision of DnaB-(24 -136) with its NH 2 and COOH termini fused via a 9-amino acid linker with sequence TRESG-SIEF, i.e. the cyclized protein we call cz-DnaB-N (Fig. 2) . The fusion junction is predicted to be between Gly 5 and Ser 6 of this sequence.
However, expression in this T7 system was poor, so the whole gene cassette was transferred into the phage -promoter vector pCL476 (17) , which also resulted in addition of an NH 2 -terminal Met-His 6 tag to the NH 2 terminus of the Int C portion of the fusion protein. The new plasmid, pNW1120 (Fig. 4B) , directed heat-induced expression of several new protein species that could be resolved by SDS-polyacrylamide gel electrophoresis (Fig. 5) , including those that were later identified as being cz-DnaB-N and Int N (see below). The 6.4-kDa Int C subunit could not be detected on gels by staining with Coomassie Blue, but could be identified by use of a fluorescent staining procedure for detection of His 6 -tagged proteins (not shown). In addition to these products that were securely identified following their purification, a small amount of an approximately 30-kDa protein accumulated with time in cultures at 42°C (Fig. 5) . This is assumed to be the Int C -DnaB-(24 -136)-Int N precursor to intein excision.
Another species that migrated at a position expected of a 16 -18-kDa protein (Fig. 5) has not been identified. It also stained with the His 6 -detection system, and was also present consistently (at about 10% of total protein) in otherwise highly purified samples of the split intein. Prolonged treatment in buffer at 37°C and variation of the concentration of SDS and heating during denaturation of the isolated intein samples had no effect on the proportion of this impurity. Attempts to separate it from the split intein by chromatography on a column of Mono-S (Amersham Biosciences, Inc.) at pH 6.0 or 6.8, with elution in a gradient of NaCl, or in a pH gradient, were unsuccessful. It is clearly a basic protein with an isolelectric point close to that of the split intein, so cannot be the more acidic 20-kDa Int C -cz-DnaB-N branched ester (lariat) intermediate expected to be formed during the intein-mediated excision reaction (6, 7). It appears therefore to be a covalently linked Int C -Int N product. How such a species might be generated requires further investigation.
Other groups that have used related strategies to circularize proteins in vivo have also observed overexpressed proteins that include the fusion protein precursor and some others that are assumed to be by-products of the excision reaction (5, 6, 12) . By comparison, the amounts of these products accumulating in the present system are rather small. cz-DnaB-N is a Circular Protein-To show that the protein thus far believed to be the circularized cz-DnaB-N is in fact DnaB-(24 -136) with its NH 2 and COOH termini covalently linked via a 9-residue linker containing normal peptide bonds, the protein was isolated in pure form (Fig. 5 ) from temperature-induced cultures of E. coli AN1459/pNW1120. Although it was predicted to be eight residues longer (876 Da higher in mass) than the 12.7-kDa lin-DnaB-N (which has an additional NH 2 -terminal methionine), its electrophoretic mobility was nearly identical (Fig. 6) . Increased electrophoretic mobility of circularized proteins, presumably due to them having more compact structures in the denatured state, has been reported previously (5, 6).
Treatment of the purified protein with trypsin resulted in most of it converting rapidly (t1 ⁄2 ϳ30 s at 0°C) to a species of reduced mobility (Fig. 6, fragment I ). This was followed by slower (t1 ⁄2 ϳ10 min) conversion of this fragment to another very close in size to lin-DnaB-N (fragment II), and to more extensive degradation via several smaller intermediates (fragments III). The sites of trypsin cleavage were identified by NH 2 -terminal sequence determination using samples extracted from the gel, as indicated in Fig. 6 . Fragment I had the sequence ESGSIEFKVP, so the most sensitive site of cleavage is after the arginine within the 9-residue linker (Fig. 2) . This sequence traverses the G/S ligation junction, confirming that intein-mediated DnaB-N cyclization had occurred as anticipated. Fragment I is therefore a full-length 13.6-kDa site specifically linearized version of cz-DnaB-N.
NH 2 -terminal sequencing of fragment II gave a mixture of two related sequences: KVPPHSIEAE (major) and VPPHSIE-AEQ (minor), indicating cleavage in the second stage had occurred before and after the first lysine (Lys 24 ) residue of the DnaB-(24 -136) portion of cz-DnaB-N (Fig. 2) , to give fragments now almost identical in size to lin-DnaB-N (predicted sizes are 12.8 and 12.7 kDa). Since the residue in the linker that precedes Lys 24 is a phenylalanine, cleavage before Lys 24 was most likely due to contamination of the trypsin preparation with chymotrypsin. The sequences of fragments III began VVAD-DFYTRP, which indicates cleavage following Arg 53 , in the loop between helices 2 and 3 of DnaB-(24 -136) (14) .
Further confirmation that the protein had been cyclized came from electrospray ionization mass measurements, which gave an observed mass of 13557.7 Ϯ 1. Integrity of the Split Ssp Mini-intein-The His 6 -tagged split Ssp mini-intein produced as a result of the DnaB-N cyclization reaction was also isolated (Fig. 5) . Electrospray ionizationmass spectrometry of the intein indicated that it contained two major peptides, with masses of 12,034 Ϯ 4 and 6,441 Ϯ 2 Da, which may be compared with the calculated values of 12,002 and 6,441 Da for Int N and Int C , respectively. It is very likely that the discrepancy of ϳ32 Da in the mass of Int N is due to oxidation of its highly reactive NH 2 -terminal cysteine residue to its sulfinate derivative during sample preparation.
Length of the Linker Peptide in cz-DnaB-N-While the amino acid sequence of the linker peptide connecting the NH 2 -and COOH-terminal ends of DnaB-(24 -136) in cz-DnaB-N was not specially optimized, its length was designed to avoid the introduction of conformational strain. In the 20 conformers representing the NMR structure of lin-DnaB-N (14), the distance between the NH 2 and COOH termini varies between 6 and 20 Å, with an average of 13.4 Å. The 9-residue linker in cz-DnaB-N could span 30 Å in a fully extended conformation. When 100 random conformers of the peptide TRESGSIEF were generated by DYANA (25) , the distance between the first and last C ␣ atom varied between 7.0 and 24.6 Å, with an average of 17.2 Å. The length of the linker is thus well matched to the end-to-end distance in DnaB- (24 -136) .
Nine residues seems to represent the minimum number required for a linker that does not introduce conformational strain. This number can be derived by representing a random coil polypeptide by the worm-like chain model (26) . In this model, the flexibility of a chain is characterized by the persistence length, which corresponds to half the length of a statistical chain segment, which in turn corresponds to the shortest pep- tide segment for which the relative orientation of the first and last amino acid is uncorrelated. Measurements of the radius of gyration of denatured proteins (27) (28) (29) and the mechanical denaturation of titin (30) Structure of cz-DnaB-N-The structural consequences of cyclization of the NH 2 -terminal domain of DnaB were assessed from NMR spectroscopic experiments. The resonances from the linker and sequentially neighboring residues were assigned with the help of a 15 N-labeled sample (Fig. 7) . Detailed studies of the linear protein, including complete NMR resonance assignments and determination of its three-dimensional structure in solution (Fig. 2) have been reported previously (14, 21) .
Structural conservation of DnaB-(24 -136) upon cyclization is indicated by the small differences in the amide proton chemical shifts between the linear and circularized forms for most of the protein (Fig. 8A) , and by the virtual absence of chemical shift differences for the amino acid side chains (data not shown). The increase in H N chemical shifts in cz-DnaB-N toward the beginning of the first helix and toward the end of the last suggests improved hydrogen bonding and thus increased populations of the helical conformations near the termini of these helices (Fig. 8A) . In addition, helix 6 seems to be extended by three residues toward the COOH terminus, as indicated by the observation of intense sequential H N (i) Ϫ H N (iϩ1) and (Fig. 8A ). DnaB-(24 -136) has previously been shown to dimerize at high concentrations in solution (14) , and a similar fragment was found to be a dimer in the crystalline state (31) . The amide protons of Phe 102 and Ala 103 are the only ones involved in intermolecular contacts at the dimer interface. In the crystal structure (31), they form intermolecular H-bonds to the side chain carboxyl group of Glu 91 . The increased chemical shift value observed for Ala 103 H N thus suggests a higher population of these H-bonds in cz-DnaB-N which would correspond to an increased population of the dimeric state. As the dimer dissociation constant is about 10 times the sample concentration used (14) , the chemical shift of this amide proton is expected to be very sensitive to protein concentration, which was slightly higher for cz-than for lin-DnaB-N. The chemical shift of Phe 102 H N could not be measured, presumably due to exchange broadening arising from the monomer-dimer equilibrium (14) .
Mobility of the Linker Peptide in cz-DnaB-N-Experimentally the TRESGSIEF linker (denoted in Fig. 7 as residues 137-145) was found to be highly mobile in cz-DnaB-N, as indicated by the significantly smaller { 1 H}-15 N NOE than for the rest of the backbone (Fig. 8B) . The conformational flexibility of the linker is further supported by near-random coil chemical shifts (Fig. 7) and fast amide proton exchange rates of these residues, as evidenced by large exchange cross peaks with the water resonance observed in the three-dimensional TOCSY-15 N-HSQC spectrum (not shown). Chemical exchange with water could also explain the line broadening observed for residues 140 -142 (Fig. 7) .
Experimental Protein Stabilization by Cyclization-Besides increasing the helicity of the ends of the first and last helix in DnaB-(24 -136), cyclization through the flexible linker increased its melting temperature by about 14°C, as measured by DSC (Table I) . Heat-induced unfolding of both lin-and cz-DnaB-N was observed to be completely reversible over successive cycles of heating and cooling. The reproducibility of melting temperature (T m ) and the equivalence of the enthalpies of unfolding and folding (⌬H) measured by DSC was verified for cz-DnaB-N on heating and cooling cycles (data not shown). The values of T m , ⌬H, and the change in heat capacity between folded and unfolded state, ⌬C p , were used to calculate the free energy of unfolding, ⌬G, of cz-DnaB-N at the melting temperature of lin-DnaB-N (Table I ). This value is equivalent to the difference in free energy of unfolding, ⌬⌬G, between czDnaB-N and lin-DnaB-N. It depends only to a small degree on the value of ⌬C p used in the calculation (Table I) Predicted Protein Stabilization by Cyclization-An expectation value for the stabilization of a protein by covalent end-toend cyclization can be predicted from the entropy lost in the unfolded state due to the reduced number of accessible conformational states. The difference in conformational entropy of the denatured state between lin-and cz-DnaB-N can be estimated from the probability, p, of finding the end-to-end distance, r, in a statistical chain of n segments, where each segment is of length a (32), The reduction in conformational entropy ⌬S conf between denatured cz-and lin-DnaB-N depends on the integrated probabilities, P cz and P lin , respectively, of all accessible end-to-end distances,
where R is the gas constant. Using the worm-like chain model (26) to represent the polypeptide chain in the unfolded state, the length of the statistical chain segment, a, is about 35 Å or 9 amino acid residues (see above). DnaB-(24 -136) contains 113 residues and therefore about 12 statistical chain segments. Using a ϭ 35 Å, n ϭ 12, P lin ϭ 1, and integrating p(r) from r ϭ 0 to r max ϭ 24.6 Å (more extended linker conformations will hardly be populated in cz-DnaB-N) to obtain P cz , the ratio (P cz /P lin ) becomes about 0.01. This corresponds to an increase in free energy of the denatured state due to cyclization by ⌬⌬G ϭ ϪT⌬S conf ϭ 2.7 kcal/mol at 25°C, in fair agreement with the experimentally determined ⌬⌬G value of about 2 kcal/mol (Table I) . As far as ⌬⌬G can be equated with ϪT⌬S conf , the predicted stabilization depends mostly on the length of the linker (e.g. r max ϭ 7 Å would enhance ⌬⌬G about 1.8-fold) and only a little on the size of the protein (cyclization of a 2-fold larger domain would yield about 1.2-fold more stabilization energy).
DISCUSSION
The Ssp DnaB mini-intein appears to be particularly well suited for the in vivo cyclization of proteins, as demonstrated by the high expression yields obtained for cz-DnaB-N. These were comparable with those for the linear protein. Cyclization proceeded spontaneously and rapidly without any evidence of accumulation of significant amounts of unprocessed precursor protein or the production of linear protein, which would be difficult to separate from the cyclized form. The system thus offers an attractive route for the thermodynamic stabilization of native protein folds.
Previous efforts to stabilize protein folds by the introduction of strategically placed disulfide bridges gave hardly predictable results, with both stabilization and destabilization being observed (33) . Clearly, the formation of a disulfide bridge imposes stringent conformational restraints, and it is not surprising that enthalpy effects are prominent in use of disulfide bridges (34) . In contrast, end-to-end cyclization of a protein by a com- 
, where ⌬C p is the heat capacity change between folded and unfolded protein. ⌬C p ϭ 1.4 kcal/mol/K was used for cz-DnaB-N, as measured by DSC. For comparison, ⌬C p ϭ 1.5 kcal/mol/K was predicted from the three-dimensional structure of DnaB-(24 -136) using the increment system of Privalov and Makhatadze (42, 43) . As errors in ⌬H and ⌬S are correlated and ⌬G(T) is insensitive to ⌬C p , the relative error in ⌬G is of similar magnitude to that in ⌬H.
paratively long, highly flexible peptide linker minimizes the chances of unintentional introduction of conformational strain. To avoid a conformational strain that would offset the expected advantage of cyclization (35, 36) , the peptide linker must be sufficiently long to cover at least one statistical chain segment, equivalent to about 9 amino acid residues for polypeptides of arbitrary amino acid composition (27) (28) (29) (30) . As a flexible nonapeptide comfortably spans about 25 Å, such a linker can be used to cyclize proteins with various separations between NH 2 and COOH termini, i.e. protein stabilization by cyclization can be achieved without prior knowledge of the three-dimensional structure of a protein, so long as its NH 2 and COOH termini are spatially not too far apart. Importantly, the flexibility of the connecting linker allows the prediction of the stabilization free energy from simple polymer theory with much better confidence than in the case of disulfide bridges.
End-to-end cyclization of a protein is expected to enhance its stability by reducing the conformational entropy of the unfolded state. The presently available experimental data did not discriminate between entropic and enthalpic stabilization of cz-versus lin-DnaB-N, as a purely enthalpic stabilization (⌬⌬S ϭ 0) or a purely entropic stabilization (⌬⌬H ϭ 0) would have to be associated with unusually small changes in heat capacity between folded and unfolded forms (⌬C p ϭ 0.4 and 0.6 kcal/mol/K, respectively) to explain the observed melting temperatures and enthalpies of unfolding (Table I) . The agreement between the experimentally determined and predicted ⌬⌬G values, however, suggests that the difference in conformational entropies of the unfolded states, ⌬S conf , governs the stabilization achieved by cyclization, while the measured enthalpy values are influenced by entropy-enthalpy compensation effects (37) .
Estimating ⌬S conf by Equation 2 yields predictions for free energy changes resulting from the use of different linker lengths that can be compared with previous parametrizations of the entropy effect of disulfide bond formation (38, 39) . For example, if DnaB-(24 -136) were cyclized by a disulfide linkage between the first and the last residue, ϪT⌬S would be predicted to be 4.9 kcal/mol at 25°C (by integrating p(r) in Equation 1 up to r max ϭ 7 Å as a representative value for the disulfide bond, and using a ϭ 35 Å and n ϭ 12 in Equation 2. For comparison, the entropy effect of disulfide bond formation can be estimated by the equation of Pace et al. (38) ,
where k is the number of amino acids in the loop. For k ϭ 113, this formula yields ϪT⌬S ϭ 4.8 kcal/mol at 25°C. An alternative parametrization by Chan and Dill (39) based on the same data is, ⌬S ϭ Ϫ2.41 R ln k ϩ 4.28 (Eq. 4) which yields ϪT⌬S ϭ 5.4 kcal/mol at 25°C. This equation, however, overestimates excluded volume effects, which are minimal for large cycles and simple end-to-end closures (39) .
The agreement with the prediction by Equation 2 is good, considering that predictions do not correlate well with experiment for disulfide-bond linkages (33) and that Equations 3 and 4 were parametrized by fitting of experimental ⌬G values while assuming the absence of enthalpic contributions. The latter assumption is possibly alleviated by enthalpy-entropy compensation, which is prominent in protein unfolding (37) . In any case, it seems that cyclization by a disulfide bond between the first and last residue would be predicted to raise the free energy of the unfolded protein by about 5 kcal/mol, while intein-mediated cyclization by a flexible peptide linker provides about half that value.
Equation 2 also affords a good estimate of the stabilization expected when longer linker peptides are used for protein cyclization. Longer linkers may be necessary to confer stabilization to proteins of unknown structure. From Equation 2, doubling of the length of the linker from r max ϭ 24.6 to 49.2 Å (i.e. from 9 to 18 amino acid residues) is predicted to reduce the stabilization by 1.4 kcal/mol, in reasonable agreement with the results of Ladurner and Fersht (40) who found that each additional amino acid residue introduced in a flexible polypeptide loop of an otherwise globular protein destabilized the protein by 0.09 to 0.17 kcal/mol, with smaller free energy penalties for smaller amino acid side chains. These data suggest that shorter linker peptides can be designed by the use of amino acids with small side chains which result in shorter persistence lengths and, hence, statistical chain segments containing fewer than nine residues.
The total free energy of unfolding of single domain proteins is typically below 10 kcal/mol even when they are stabilized by several disulfide bridges (41) . Therefore, the entropic stabilization provided by backbone circularization can significantly contribute to the overall stability of a protein. The increase in melting temperature is more difficult to predict, as it depends on the magnitude of the entropy of unfolding of the wild-type protein and its heat capacity change upon unfolding. Quite generally, the melting temperature would be expected to increase most if the entropy of unfolding of the wild-type protein is small.
